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SULmTR PROBLEMS I N  THE DIRECT CATALYTIC PRODUCTION 
OF METHANE FROM COAL-STEAM REACTIONS 

J. L. Cox, L. J. Sealock,  J r .  and F. C .  Hoodmaker 

Mine ra l  Engineer ing Department 
Un ive r s i ty  of  Wyoming 

Laramie, Wyoming 82071 

The u s e  of  a m u l t i p l e  c a t a l y s t  system c o n s i s t i n g  o f  potassium ca rbona te  and a 
commercial n i c k e l  me thana t ion  c a t a l y s t  f o r  t h e  d i r e c t  p roduc t ion  of methane from c o a l -  
s team r e a c t i o n s  has  been d e s c r i b e d  i n  e a r l i e r  papers  (1 ,2 ) .  Th i s  system combines 
t h e  b e n e f i c i a l  c a t a l y t i c  e f f e c t s  o f  t hese  c a t a l y s t s  t o  produce i n  a s i n g l e - s t e p  
conve r s ion  a p roduc t  gas  c o n s i s t i n g  p r i m a r i l y  of  methane and carbon d iox ide  wi th  
l e s s e r  amounts o f  carbon monoxide and hydrogen and has  a C0,-free h e a t i n g  v a l u e  o f  
abou t  850 Btu p e r  SCF. Two of  t h e  apparent  problems i n h e r e n t  w i th  such a system 
a r e  c a t a l y s t  r ecove ry  and t h e  l o s s  o f  c a t a l y s t  a c t i v i t y  over  prolonged pe r iods  of 
t ime a t  t h e  conversion t empera tu res  1200'F) i n  t h e  presence o f  t h e  va r ious  r eac -  
t a n t s  produced from t h e  c o a l  g a s i f i c a t i o n .  I n  con junc t ion  wi th  t h e  l a t t e r  problem, 
t h i s  pape r  addres ses  t h e  i n f l u e n c e  o f  s u l f u r  compounds produced d u r i n g  g a s i f i c a t i o n  
upon c a t a l y s t  l i f e  and a c t i v i t y .  This  s i t u a t i o n  i s  compared and c o n t r a s t e d  t o  t h e  
c a t a l y s t  performance i n  t h e  c a t a l y t i c  methanation of s y n t h e s i s  g a s .  

EXPERIMENTAL 

Experimental  Systems 
The c o a l  g a s i f i c a t i o n  was  c a r r i e d  o u t  i n  1" o . d . ,  batch-charge r e a c t o r  which 

was c o n s t r u c t e d  o f  316 s t a i n l e s s  s t e e l .  A schematic  i s  shown i n  F igu re  1. 
The methanat ion s t u d i e s  w i t h  s y n t h e s i s  gas  were performed i n  a 1/2" 0 .d .  a d i a -  

b a t i c  f low r e a c t o r .  It too  was cons t ruc t ed  of  316 s t a i n l e s s  s t e e l .  I ts  schemacic 
is shown i n  F igu re  2. 

Feed Mate r i a l s  

N. Dak., both ground t o  60-100 mesh were used i n  t h i s  i n v e s t i g a t i o n .  Tables  I and I1 
A subbituminous c o a l  from Glenrock, Wyo., and Consol l i g n i t e  from S tan ton ,  

con ta in  t h e  proximate and u l t i m a t e  ana lyses  o f  t hese  m a t e r i a l s .  
i n t ended  t o  use  on ly  anhydrous potassium ca rbona te  (&Cod) a s  t h e  a l k a l i  c a t a l y s t  
x-ray s t u d i e s  i n d i c a t e d  t h a t  it had taken up w a t e r  to form some QCO, .3/2 H,O. The 
methanat ion c a t a l y s t ,  which c o n t a i n s  approximately 35% n i c k e l ,  was purchased from 
Harshaw Chemical Company. A d d i t i o n a l  chemicals  and r e a g e n t s  t h a t  were used i n  con- 
j u n c t i o n  w i t h  t h i s  i n v e s t i g a t i o n  a r e  commercially a v a i l a b l e  o r  r e a d i l y  prepared by 
r o u t i n e  procedures .  

Although i t  was 

Gas Analyses  
The product  gas  volume was measured w i t h  a c a l i b r a t e d  wet t e s t  meter ,  w h i l e  

t h e  composi t ion was p e r i o d i c a l l y  monitored w i t h  a gas chromatograph equipped with 
two thermal  c o n d u c t i v i t y  d e t e c t o r s ;  A Porapak Q column w i t h  helium c a r r i e r  gas was 
used i n  con junc t ion  w i t h  one d e t e c t o r  w h i l e  a molecular  s i e v e  column w i t h  argon 
c a r r i e r  was used w i t h  t h e  o t h e r .  A t o t a l  a n a l y s i s  r equ i r ed  about 15 minutes .  Data 
r educ t ion  was f a c i l i t a t e d  w i t h  an Auto Lab System I V  d i g i t a l  i n t e g r a t o r  equipped 
wi th  a c a l c u l a t i o n  module. 

S u l f u r  Analyses  

determined by ASTM Method E39. The s u l f i d e  s u l f u r  was c a l c u l a t e d  a s  t h e  d i f f e r e n c e  
The t o t a l  s u l f u r  and s u l f a t e  s u l f u r  i n  t h e  n i c k e l  methanat ion c a t a l y s t  were 
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between t h e  total  s u l f u r  and s u l f a t e  s u l f u r .  
de te rmine  t o t a l  s u l f u r  i n  t h e  c o a l  and a sh  as w e l l  as i n  t h e  n i c k e l  methanat ion  
c a t a l y s t .  

X-Ray D i f f r a c t i o n  

meter. Copper r a d i a t i o n  a t  35-50 kvp and 16  m a  w a s  used f o r  t h e  a n a l y s e s .  Scanning 
was s t a r t e d  a t  an a n g l e  28 o f  4-6' and cont inued  through 70". The p a t t e r n s  were  
recorded  on a s t r i p  c h a r t .  
t a b l e s ,  whereas compound 
f i l e .  

A LECO s u l f u r  ana lyze r  was used t o  

I n  a d d i t i o n  some s u l f u r  de t e rmina t ions  employed t h e  ASTM method D1757. 

Coal, a s h  and c a t a l y s t s  were examined wi th  a Genera l  E l e c t r i c  XRD-5 d i f f r a c t o -  

I n t e r p l a n a r  spac ings  were de termined  from CuKcr (h=1.5418 A) 
i d e n t i f i c a t i o n s  employed t h e  ASTM x- ray  powder d i f f r a c t i o n  

Methodology . 
The c o a l  g a s i f i c a t i o n  exper iments  were conducted by d r y  mixing t h e  c o a l ,  

c a t a l y s t s  and o t h e r  a d d i t i v e s  and cha rg ing  them t o  t h e  r e a c t o r .  Genera l ly  t h e  runs  
employed lOOg of c o a l ,  20g &C@ and lOOg o f  n i c k e l  methanation c a t a l y s t .  The r e a c t o r  
tempera ture  w a s  brought t o  an o p e r a t i n g  v a l u e  o f  about  650°C i n  l e s s  t han  two hour s .  
A prede termined  o p e r a t i n g  p r e s s u r e  w a s  employed. These c o n d i t i o n s  were main ta ined  
throughout t h e  remainder o f  t h e  r u n .  The t o t a l  run  t i m e  was about  seven  and h a l f  
hour s .  During t h e  run  t h e  gaseous product  was monitored every  h a l f - h o u r  and t h e  
r e s u l t s  presented  as t ime r a t e d  averages .  

Methanation i n v e s t i g a t i o n s  w i t h  t h e  h a l f - i n c h  a d i a b a t i c  flow r e a c t o r  employed 
r a t h e r  s t anda rd  o p e r a t i n g  p rocedures .  A c a t a l y s t  bed one inch  i n  l e n g t h  was charged 
t o  t h e  r e a c t o r .  The tempera ture  w a s  monitored by a thermocouple pos i t i oned  i n  t h e  
c a t a l y s t  bed whi le  means f o r  va ry ing  t h e  t empera tu re ,  p r e s s u r e ,  space v e l o c i t y  and 
gas  composition were provided  by e x t e r n a l  c o n t r o l .  The product  gas composi t ion  was 
p e r i o d i c a l l y  monitored w i t h  a gas  chromatograph s e t - u p  s i m i l a r  t o  t h e  one desc r ibed  
above under Gas Analyses .  

Table  I. Ana lys i s  o f  Glenrock Coal ( w t . % )  

A s  Received Mois ture  Free 
Proximate Ana lys i s  

Mois ture  12 .2  -- 
V o l a t i l e  Mat te r  39 .6  45 .1  
Fixed Carbon 36 .1  41 .1  
Ash 1 2 . 1  13 .8  
Heating Value (Btu / lb)  9140 10410 

Ul t imate  Ana lys i s  
Hydrogen 
Carbon . 
Nit rogen  
Oxygen 
S u l f u r  
Ash 

5 . 1  4 . 3  
52.7 60.0 
0 . 6  0 . 7  

28 .6  20.2 
0 .8  1.0 

1 2 . 1  13 .8  

Tab le  11. Ana lys i s  o f  Conso l ida t ion  L i g n i t e  (wt .%) 

A s  Received Mois ture  Free 
Proximate Ana lys i s  

Mois ture  25 .1  - -  
V o l a t i l e  Mat te r  31.8 42 .5  
Fixed Carbon 38 .3  51 .1  
Ash 4 . 8  6.4 
Heat ing  Value (Btu / lb)  9800 10720 

I 



6 8  

Ult imate  Ana lys i s  
Hydrogen 
Carbon 
Ni t rogen  
Oxygen 
S u l f u r  
Ash 

As Received Moisture Free 

6.4 4.8 
50.3 67.2 
0.6 0.8  

37.5 20.3 
0.4 0.5 
4.8 6.4 

RESULTS AND DISCUSSION 

M u l t i p l e  C a t l a y s t  S i n g l e  S t e p  Conversion 
I n  t h e  d i r e c t  p roduc t ion  o f  hydrocarbons from coal -s team r e a c t i o n s  c a t a l y s t s  a r e  

employed t o  i n c r e a s e  r e a c t i o n  r a t e s  and lower convers ion  tempera tures .  Lower tem- 
e r a t u r e s  r e s u l t  i n  a more f a v o r a b l e  equ i l ib r ium.  Consequently,  more methane i s  r e a l -  
i z e d  i n  t h e  product g a s .  
by t h e  s i n g l e  s t e p  conve r s ion  ( 2 ) .  

i s t i c  d e s c r i p t i o n  o f  g a s i f i c a t i o n  has n o t  been forwarded. 
hundred exper imenta l  runs wi th  t h i s  sys tem,  t h e  fo l lowing  empi r i ca l  d e s c r i p t i o n  o f  t h e  
convers ion  has evolved .  The o v e r a l l  o b j e c t i v e  i s  t o  i n c r e a s e  the  atomic H/C r a t i o  
and a t  t h e  same time e l i m i n a t e  t h e  oxygen from t h e  hydrogen d e f i c i e n t  c o a l .  This i n  
t u r n  c a l l s  for a s o u r c e  o f  hydrogen which can be obta ined  from water  as a coupled 
r e a c t a n t .  Hydrogen p roduc t ion  may be a s c r i b e d  t o  ca rbon iza t ion  followed and accom- 
panied  by the  wa te r -gas ,  CO-shi f t  and steam reforming r e a c t i o n s  a s  i l l u s t r a t e d  by 
Eqs. 1, 2 ,  3 and 4. 

By employing t h i s  method 850 Btu/SCF gas has been produced 

In  view of t h e  complexity o f  t h e  c o a l  i t  i s  no t  s u r p r i s i n g  t h a t  a good mechan- 
Never the less ,  from s e v e r a l  

Carboniza t ion  CaHbOb/, = a C  + b/,&O (1) 

(2) Water -gas  a C  + aG0 = aCO + aH2 

CO-shi f t aEO +aH,O = aCO, + aH,9 (3) 

Steam reforming  CaHbOb/, + (2a-b/,)Hz0 = aCO, + 2aH, ( 4 )  

The major product component of SNG can be  a r r i v e d  a t  t y  r e a c t i n g  t h e  hydrogen 
produced from the  p reced ing  r e a c t i o n s  wi th  t h e  i n i t i a l  feed m a t e r i a l  a s  shown i n  
Eq. 5. 

CaHbOb/, + 2aH2 = b/,H,O+ aCb 

Combining Eqs. 4 and 5 g i v e  Eq. 6 ,  which i s  a s i m p l i f i e d  form o f  t h e  o v e r a l l  con- 
v e r s i o n  r e a c t i o n  where t h e  small amounts of n i t r o g e n  and s u l f u r  i n  t h e  feed 
m a t e r i a l  have no t  been accounted  f o r .  

2C H 0 + 2(a-b/,)%O = aCO, + aCH, (6) 
a b b /P  

Reac t ions  a l s o  o f  importance in  d e s c r i b i n g  t h e  d i r e c t  conversion o f  coa l  
a r e  d e v o l a t i l i z a t i o n  and methanat ion .  The d e v o l a t i l i z a t i o n  r eac t ions  can be 
viewed as Eqs. 7-10 o r  Eq. 11 o v e r a l l ,  whereas t h e  methanation r e a c t i o n  i s  demonstrated 
by Eq. 12 .  

CaHbOc = C n + C/,CO, 
( a - ~ / ~ )  b 

H (a-c/ ,-d) b ‘(a-c/.,) H b = C d + C  

\ 

\ 

\ 
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C H  

2 C H 0  = 

a (b-,c) 

a b c  2Cd + c/,CO, -k cH,O + 
C (11) (a-c/,-d)Hb + C(a-d)H(b-ac)  

3H, -k CO = CQ + H,O (12) 

Although t h e  e x t e n t  of t h e  c a t a l y s t s '  r o l e  i n  t h e  above r e a c t i o n s  i s  n o t  known 
from a mechanis t ic  p o i n t  of  view, t h e  i n f l u e n c e  o f  t h e  a l k a l i  ca rbona te  and n i c k e l  
methanat ion c a t a l y s t  has  been amply demonstrated (2) .  The a l k a l i  c a t a l y z e s  t h e  
coa l - s t eam and d e v o l a t i l i z a t i o n  r e a c t i o n s  f o r  t h e  p roduc t ion  of i n t e r m e d i a t e  r e -  
a c t a n t s  w h i l e  t h e  n i c k e l  c a t a l y z e s  t h e  conversion of  t h e s e  i n t e r m e d i a t e s  on t o  f i n a l  
p roduc t s  . 
o f  t h e  d i r e c t  p roduc t ion  o f  SNG from coa l - s t eam r e a c t i o n s  by a s i n g l e - s t e p  conve r s ion .  
However, independent c a l c u l a t i o n s  by Edmiston (3)  and Higgins  ( 4 )  have shown t h a t  t h e  
o v e r a l l  conversion (Eq. 6)  has a f avorab le  s t a n d a r d  f r e e  energy change i n  t h e  v i c i n i t y  
o f  900°K. Furthermore,  t h e  Na t iona l  Research Counci l  (5) has  taken t h e  p o s i t i o n  
t h a t  t h e  r e a c t i o n  i s  thermodynamically f e a s i b l e .  These conc lus ions  i n d i c a t e  t h a t  
p rev ious  thermodynamic 
a good approximation o f  t h e  c o a l ' s  carbon f o r  thermodynamic c o n s i d e r a t i o n s .  Con- 
s e q u e n t l y ,  erroneous conc lus ions  a r e  l i k e l y  t o  a r i s e  therefrom. 

The en tha lpy  of  Eq. 6 has  been c a l c u l a t e d  (4,6) from h e a t s  o f  combustion and 
amounts t o  about  10 kcal /mole.  Th i s  v a l u e  w i l l  va ry  somewhat w i th  t h e  rank of  t h e  
c o a l .  I n  s p i t e  of its endothermic n a t u r e ,  t h e  s i n g l e - s t e p  conversion i s  be l i eved  to  
be cons ide rab ly  more the rma l ly  e f f i c i e n t  than t h e  more conven t iona l  m u l t i p l e - s t e p  
p rocesses  f o r  t h e  p roduc t ion  o f  SNG from c o a l .  

S u l f u r  i n  t h e  M u l t i p l e  C a t a l y s t  S ing le -S tep  Conversion 

c o a l ' s  s u l f u r  on t h e  conversion was made. The s u l f u r  con ta ined  i n  t h e  c o a l  is  of  
p a r t i c u l a r  concern i n  a m u l t i p l e  c a t a l y s t  s i n g l e - s t e p  conversion s i n c e  i t s  de r ived  
i n t e r m e d i a t e s  o f t e n  f u n c t i o n  a s  c a t a l y s t  poisons ( 7 ) .  

During the  g a s i f i c a t i o n  o f  c o a l  under r educ inb  c o n d i t i o n s  t h e  o r g a n i c  and 
p y r i t i c  s u l f u r  of  t h e  c o a l  a r e  converted to  gaseous s u l f u r  compounds i n  t h e i r  most 
reduced s t a t e .  The e x t e n t  of  t h e  c o a l ' s  s u l f u r  conve r s ion  i s  s t r o n g l y  dependent 
upon t h e  g a s i f i c a t i o n  temperature  (8). Although t h e  t y p e  of  reduced s u l f u r  gases  
produced have n o t  been e x t e n s i v e l y  i n v e s t i g a t e d  and c o r r e l a t e d  w i t h  g a s i f i c a t i o n  
c o n d i t i o n s ,  H2S, CS, and COS seem t o  be t h e  predominate  forms. These compounds a r e  
known t o  a c t  a s  c a t a l y s t  poisons i n  c a t a l y t i c  methanators  even when p r e s e n t  i n  smail 
c o n c e n t r a t i o n s .  Although t h e  e x t e n t  of  s u l f u r  po i son ing  of  t h e  n i c k e l  methanat ion 
c a t a l y s t  used i n  t h e  s i n g l e - s t e p  conversion i s  more d i f f i c u l t  t o  p r e d i c t  i n  view of 
t h e  mul t i t ude  o f  competing e q u i l i b r i a  h e r e  t o o  s u l f u r  po i son ing  is  a n t i c i p a t e d  t o  be 
a problem. 

Table  111 c o n t a i n s  some s u l f u r  m a t e r i a l  ba l ances  t h a t  were undertaken t o  de- 
t e rmine  t h e  e x t e n t  of s u l f u r  bu i ldup  on t h e  n i c k e l  c a t a l y s t  i n  t h e  i n t e g r a t e d  system. 
Represen ta t ive  runs f o r  both Glenrock c o a l  and Consol l i g n i t e  a r e  inc luded ,  These 
runs were completely i n t e g r a t e d  u s i n g  t h e  c o a l  o r  l i g n i t e  d r y  mixed w i t h  potassium 
ca rbona te  and t h e  n i c k e l  methanat ion c a t a l y s t .  .An examinat ion of  t h e  d a t a  demonstrates  
t h a t  some o f  t h e  s u l f u r  i s  l o s t  t o  t h e  system, some remains i n  t h e  ash and some. is 
d e p o s i t e d  upon t h e  n i c k e l  methanat ion c a t a l y s t .  

c o a l ' s  s u l f u r  i n  t h e  grouped r u n s .  This a p p a r e n t l y i s  a t t r i b u t e d  t o  t h e  s e n s i t i v i t y  
toward experimental  c o n d i t i o n s  and d i f f i c u l t y  i n  o b t a i n i n g  a homogeneous r e a c t i o n  
mix tu re  of the 60-100 mesh c o a l  and a l k a l i  ca rbona te  w i t h  t h e  1/8" n i c k e l  c a t a l y s t s .  

i n  r e a c t a n t s  charged and t h a t  found i n  t h e  n i c k e l  c a t a l y s t  and a sh .  I n  a d d i t i o n  t o  

There has been some c r i t i c i s m  o f  t h e  thermodynamics concerning t h e  f e a s i b i l i t y  

ana lyses  have been based o n p - g r a p h i t e ,  which does no t  p rov ide  

In  previous d i s c u s s i o n s  o f  t h e  p rocess  concept  no mention of  t h e  i n f l u e n c e  of  t h e  

It i s  noted t h a t  t h e r e  i s  c o n s i d e r a b l e  v a r i a n c e  i n  t h e  d i s t r i b u t i o n  o f  t h e  

The s u l f u r  l o s s  t o  t h e  system i s  t h e  computed d i f f e r e n c e  between t o t a l  s u l f u r  
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s u l f u r  escaping i n  t h e  p roduc t  g a s ,  E c a l l i c  s u l f i d e s  were formed on t h e  walls o f  
t h e  s t a i n l e s s  s t e e l  r e a c t o r .  

Runs 734, 737 and 738 were a t  112 p s i a  w h i l e  t h e  r e s t  o f  t h e  t abu la t ed  runs 
were a t  32 p s i a .  Although t h e  pe r  c e n t  c o a l  conversion was e s s e n t i a l l y  the  same 
f o r  both low and high p r e s s u r e  r u n s ,  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  o r i g i n a l  s u l f u r  
was observed.  
amount of  s u l f u r  depos i t ed  on the  n i c k e l  c a t a l y s t  and dec reased  t h e  amount i n  t h e  
a sh  and t h a t  l o s t  t o  t h e  system. 
i n  t h e  s u l f u r  d i s t r i b u t i o n  o f  t h e  l o w  p r e s s u r e  r e s u l t s  f o r  Consol l i g n i t e  and Glen- 
rock c o a l .  

c a t a l y s t  i n  t h e  low p r e s s u r e  r u n s .  In some o f  t h e  runs t h e  form of  n i c k e l  s u l f i d e  
was i d e n t i f i e d  by x - ray  d i f f r a c t i o n  t o  be Ni3Sz, presllmably formed by t h e  fol lowing 
r e a c t i o n .  

The e l e v a t e d  p r e s s u r e  inc reased  t h e  d i s t r i b u t i o n  o f  t h e  c o a l ' s  

Experimental ly  t h e r e  was e s s e n t i a l l y  no d i f f e r e n c e  

Roughly between 30 and 60% o f  t h e  c o a l ' s  s u l f u r  w a s  depos i t ed  on t h e  n i c k e l  

H2S + 3/2Ni = l /2NiaS2 + H, (13) 

The p resence  of  t h e  s u l f i d e  i n s t e a d  of  t h e  s u l f a t e  i s  i n  agreement wi th  t h e  reducing 
atmosphere w i t h i n  t h e  system. 
formed on t h e  c a t a l y s t .  
i n  t h e  experiments ,  no d e c r e a s e  i n  i t s  a c t i v i t y  was observed f o r  t h e  ba t ch  cha rge  
runs .  

determined by x-ray d i f f r a c t i o n .  
by t h e  a l k a l i  ca rbona te .  Some wet a n a l y t i c a l  r e s u l t s  have i n d i c a t e d  t h a t  i n  t h e  
neighborhood of  70% o f  t h e  s u l f u r  remaining i n  t h e  Glenrock a s h  under t h e s e  conversion 
c o n d i t i o n s  i s  i n  t h e  s u l f a t e  form. This r e p r e s e n t s  a c o n s i d e r a b l e  i n c r e a s e  i n  t h i s  form 
s i n c e  t h e  Glenrock c o a l  i n i t i a l l y  con ta ined  on ly  about  0.05% s u l f a t e .  Of t h e  r e -  
maining 0.75% s u l f u r  i n  t h i s  c o a l ,  0 .3% is o rgan ic  and 0.5% p y r i t i c .  Although t h e r e  
have been no i n t e n s i v e  a t t e m p t s  t o  i d e n t i f y  t h e  s u l f a t e  compounds i n  t h e  Glenrock 
a s h ,  t h e  c o a l  is known t o  c o n t a i n  c o n s i d e r a b l e  amounts of  Ca, Mg, Fe and A l ,  a l l  of 
which could p o t e n t i a l l y  form s u l f a t e s .  

By employing an ave rage  v a l u e  o f  45% o f  the  c o a l ' s  s u l f u r  combining w i t h  t h e  
n i c k e l  c a t a l y s t  i n  t h e  above low p r e s s u r e  r u n s ,  one can e s t i m a t e  t h e  amount o f  c o a l  
r equ i r ed  t o  completely s u l f i d e  t h e  methanat ion c a t a l y s t  (35% N i )  by u s i n g  Eq. 13. 
Th i s  v a l u e  i s  35.4g c o a l  p e r  g n i c k e l  c a t a l y s t  o r  54.9 l b  c a t a l y s t  p e r  t on  o f  c o a l .  
In  view o f  t h e  p r i c e  of  n i c k e l  methanation c a t a l y s t s  and provided t h e  d a t a  ex t r apo la -  
t i o n  is v a l i d ,  such a high c a t a l y s t  usage would be economical ly  i n f e a s i b l e  wi thou t  
some means o f  c a t a l y s t  r e g e n e r a t i o n .  
e f f o r t s  have been d i r e c t e d  a t  t h i s  problem. 

T e n t a t i v e  S o l u t i o n s  t o  S u l f u r  Problems 

c a t a l y s t  d i r e c t  conversion p rocess  have been cons ide red .  These include:  

Th i s  has been supported by q u a l i t a t i v e  a n a l y s i s  pe r -  
In  view o f  t he  l a r g e  amounts o f  n i c k e l  c a t a l y s t s  employed 

The n a t u r e  of  s u l f u r  compounds i n  t h e  a sh  c o n t a i n i n g  a l k a l i  ca rbona te  w a s  n o t  
There was no evidence t o  suppor t  s u l f a t e  formations 

I n  view of  t h i s  s i t u a t i o n ,  some p r e l i m i n a r y  

Four g e n e r a l  approaches t o  coping w i t h  c a t a l y s t  poisoning i n  t h e  m u l t i p l e  

1. Employing s u l f u r  s cavenge r s  i n  t h e  system 
2. Devis ing some means o f  c a t a l y s t  r e g e n e r a t i o n  
3. Sea rch ing  f o r  a c t i v e ,  more s u l f u r  r e s i s t a n t  c a t a l y s t s  and 
4.  S u l f u r  removal from c o a l  p r i o r  t o  g a s i f i c a t i o n .  

S u l f u r  Scavengers.-Although s e v e r a l  t echn iques  f o r  t h e  c l e a n  up of s o u r  gas  
are commercially a v a i l a b l e ,  t h e  d i r e c t  u se  of  s u l f u r  scavengers  i n  a c o a l  g a s i f i e r  
has  r ece ived  cons ide rab ly  less a t t e n t i o n .  The approach i n  t h e  d i r e c t  conversion 
p rocess  was t o  mix i n o r g a n i c  m a t e r i a l s  w i t h  t h e  c a t a l y s t s  and c o a l  so t h a t  they could 
compete w i t h  t h e  n i c k e l  c a t a l y s t  f o r  t h e  gaseous compounds produced d u r i n g  t h e  gas-  
i f i c a t i o n .  These s u l f u r  scavengers  were s e l e c t e d  on t h e  b a s i s  o f  t h e i r  thermodynamic 
s u i t a b i l i t y  f o r  s u l f i d e  formation and r e l a t i v e  c o s t .  
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S u l f u r  scavenger  r e s u l t s  w i t h  Fez&, ZnO and PbO are con ta ined  i n  Table  I V .  
The powdered i n o r g a n i c  scavenge r s  were d ry  mixed w i t h  t h e  c o a l .  The v a r i a n c e  i n  t h e  
r e s u l t s  of  t he  s u l f u r  r e t a i n e d  i n  t h e  a sh  is analogous t o  t h e  r e s u l t s  w i t h  no scav-  
enge r s  p r e s e n t .  Here a g a i n  t h i s  i s  a t t r i b u t e d  t o  t h e  s e n s i t i v i t y  to  experimental  
c o n d i t i o n s  and d i f f i c u l t y  i n  o b t a i n i n g  homogeneous samples.  Neve r the l e s s ,  when these  
scavenging r e s u l t s  a r e  compared t o  t h e  non-scavenging r e s u l t s  i t  i s  c l e a r  t h a t  t h e  
scavengers  have played a d e f i n i t e  r o l e .  Only 6-20% of  t h e  c o a l ' s  o r i g i n a l  s u l f u r  was 
d e p o s i t e d  on t h e  n i c k e l  c a t a l y s t  i n  t h e  i r o n  scavenger  runs and 3-10% f o r  PbO and 
ZnO scavenger  runs .  These v a l u e s  may be compared t o  30-60% of  t h e  c o a l ' s  s u l f u r  r e -  
a c t i n g  w i t h  t h e  n i c k e l  c a t a l y s t  i n  t h e  absence o f  t h e  scavenge r s .  
t h e  u s e  o f  scavengers  c o u l d  p r o v i d e  a s  much a s  an o r d e r  o f  magnitude improvement i n  
t h e  n i c k e l  c a t a l y s t  l i f e .  

The t a b u l a t e d  s u l f u r  s cavenge r  r e s u l t s  w i t h  Fezad i n d i c a t e d  t h a t  t h e  method o f  
c o n t a c t i n g  the  scavenger  and c o a l  i s  more important  t h a n  i ts  c o n c e n t r a t i o n  over 
t h e  i n v e s t i g a t e d  c o n c e n t r a t i o n  r ange .  Although t h e  ZnO and PbO were n o t  i n v e s t i g a t e d  
as e x t e n s i v e l y  as t h e  Fez& scavenge r ,  they appear  t o  f u n c t i o n  a s  w e l l ,  i f  n o t  b e t t e r ,  
t han  t h e  hemat i t e .  Although t h e  f i r s t  t h r e e  t a b u l a t e d  i r o n  runs (750, 752, 756) 
were a t  112 p s i a ,  t h e  s u l f u r  scavenging r e s u l t s  were e s s e n t i a l l y  t h e  same a s  l a t e r  
runs  w i t h  i r o n  at 32 p s i a .  

Some o f  t h e  ash samples from t h e  s u l f u r  scavenger  runs were examined by x-ray 
d i f f r a c t i o n .  The only s u l f i d e  d e f i n t e l y  i d e n t i f i e d  was ZnS i n  t h e  c a s e  of  t h e  z i n c  
scavenger  runs.  The f a i l u r e  t o  obse rve  t h e  m e t a l l i c  s u l f i d e s  i n  the  i r o n  runs may 
have been due to  i n s u f f i c i e n t  c o n c e n t r a t i o n s  o r  formation of  amorphorous compounds. 

t o  show t h e  presence of h e m a t i t e  (Fez&) bu t  t h e  reduced form, m a g n i t i t e  (Fw04)  
was observed.  Th i s  i s  n o t  s u r p r i s i n g  i n  view o f  t h e  r educ ing  atmosphere p r e s e n t  i n  
t h e  system. The r e d u c t i o n  is probably due t o  a combination o f  t h e  fo l lowing  
r e a c t  i o n s .  

Based on t h i s  d a t a ,  

It is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  ash from t h e  i r o n  scavenger  experiments  f a i l e d  

3Fe,03 + CO + 2Fe304 + CO, 

3Fe2& + H, + 2Fe30, + H,O 

( 1 4 )  

(15) 

Another  e f f e c t  o f  such r e a c t i o n s  i s  t o  i n c r e a s e  t h e  C0,-free h e a t i n g  va lue  of  t h e  
product  g a s ,  s i n c e  t h e  low h e a t i n g  v a l u e  c o n s t i t u e n t s  H, and CO a r e  removed by 
t h e s e  r edox  r e a c t i o n s .  T h i s  i s  i n  agreement wi th  t h e  observed h e a t i n g  v a l u e s  f o r  
t h e  scavenger  runs  be ing  somewhat h i g h e r  than t h e  non-scavenger runs .  

t h e  Ni-H,S equ i l ib r ium.  
n i c k e l  s u l f i d e  formation (Ni3S,) acco rd ing  t o  Eq. 13 i s  p r e d i c t e d  from t h e  phase 
diagram (9) .  
i n v e s t i g a t e d  by K i r k p a t r i c  (10) and Badger (11). F igure  3 is an e x t r a p o l a t i o n  o f  t h i s  
d a t a .  
e q u i l i b r i u m  v a l u e  a t  t h a t  t empera tu re ,  then Ni3S2 would form according t o  Eq. 13. 
On t h e  o t h e r  hand, i f  t h e  H,S/H, r a t i o  should f a l l  below t h e  e q u i l i b r i u m  v a l u e  a t  
a g i v e n  temperature  s u l f u r  would b e  removed from t h e  n i c k e l  c a t a l y s t .  
it is appa ren t  t h a t  as t h e  temperature  i s  inc reased  a l a r g e r  c o n c e n t r a t i o n  of  H,S 
can be  t o l e r a t e d  w i t h o u t  NtS, fo rma t ion .  

Th i s  i n fo rma t ion  s u g g e s t s  an approach t o  c a t a l y s t  r e g e n e r a t i o n ,  namely t h e  use  
of  e s s e n t i a l l y  s u l f u r - f r e e  hydrogen o r  s y n t h e s i s  gas  a t  e l e v a t e d  temperatures  
t o  remove s u l f u r  from t h e  n i c k e l  c a t a l y s t  according t o  Eq. 13. Th i s  approach has  
been employed f o r  s u l f u r  removal from a s u l f i d e d  form o f  the n i c k e l  methanation c a t -  
a l y s t .  The experiment was c a r r i e d  o u t  i n  t h e  p rev ious ly  desc r ibed  1/2" a d i a b a t i c  
f l o w  r e a c t o r  u s ing  a s u l f u r - f r e e  s y n t h e s i s  gas  composed of 28.4% CO,  71.3% H, and 
0.3% CO,. Regenerat ion c o n d i t i o n s  were 690°C, 117 p s i a  and 10,500 hr-' space  
v e l o c i t y .  The r e s u l t s  a r e  t a b u l a t e d  i n  Table  V .  Although t h e  run  cont inued over  a 
17-hour pe r iod ,  t h e  most r a p i d  improvement i n  t h e  c a t a l y s t  a c t i v i t y  was i n  t h e  f i r s t  

C a t a l y s t  Regenerat ion.-For  t h e  sake of completness ,  i t  i s  in fo rma t ive  t o  examine 
Under conve r s ion  c o n d i t i o n s  i n  t h e  i n t e g r a t e d  system, t h e  

The e q u i l i b r i u m  temperature  dependence o f  t h i s  r e a c t i o n  has  been 

C l e a r l y ,  if t h e  H,S/H, r a t i o  a t  any des igna ted  t empera tu re  should exceed t h e  

Furthermore,  

i 
\ 

\ 
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Table V .  Catalyst Regeneration Data 

I n i t i a l  Final 
Catalyst Catalyst 

Total Sul fur  ( w t .  %) 9 . 4  0 . 4  

Sul f ide  Sulfur 
S u l f a t e  Sulfur 

Regeneration Conditions 
Pressure (psia) 
Temperature ("C) 
Space v e l o c i t y  (hr-') 

Product Gas Composition 
(mole %) . 

H2 

C% 
GO, 

GO 

7 . 4  
2 . 0  

117 
690 

12,000 

68 
26 
4 
1 

0 . 3  
0 . 1  

117 
695 

10,500 

54 
13 
26 

6 
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5 hours  where t h e  methane ‘in t h e  product  i nc reased  from 4% t o  about  18%. 
t h i s  t i m e  t h e r e  was a d e t e c t a b l e  ode r  o f  H,S i n  t h e  product  g a s .  Even though a 
s i g n i f i c a n t  improvement i n  t h e  me thanab i l i t y  o f  t h e  s u l f u r  poisoned n i c k e l  c a t a l y s t  
was achieved  by t h e  r e g e n e r a t i o n ,  i t  was s t i l l  found t o  be less a c t i v e  than  t h e  
non- su l f ided  c a t a l y s t  s i n c e  the  product  composi t ion  from t h e  l a t t e r  a t  H,/CC = 
2.86, 667’C, 120 p s i a  and 213,000 hr-’ space  v e l o c i t y  was 41.2% 4,  2.4% CO, 49.0X 
CH, and 7.2% CO,. Aside  from t h e  N h S ,  format ion ,  a d d i t i o n a l  d e a c t i v a t i o n s  of  t h e  
c a t a l y s t  are impl i ca t ed .  This  would appear  t o  be caused e i t h e r  d u r i n g  t h e  s u l f i d i n g  
o f  t h e  c a t a l y s t  w i t h  H,S o r  du r ing  i t s  r egene ra t ion  wi th  s u l f u r - f r e e  s y n t h e s i s  g a s .  

?No a d d i t i o n a l ,  l e s s  s u c c e s s f u l  means of s u l f u r  removal were b r i e f l y  cons idered  
One method was t o  u s e  a i r  o r  oxygen t o  o x i d i z e  t h e  s u l f u r  t o  SO, acco rd ing  t o  t h e  
fo l lowing  r e a c t i o n .  

During 

NisS, + 7/20, --f 3Ni0 + 2S0, (16) 

I 

1 

I 

This  approach s u f f e r e d  t h e  competing r e a c t i o n  f o r  n i c k e l  s u l f a t e  format ion .  Conse- 
quen t ly ,  about  h a l f  o f  t h e  s u l f u r  was expe l l ed  a s  SO, whi le  t h e  remainder was r e t a i n e d  
by t h e  c a t a l y s t  a s  n i c k e l  s u l f a t e .  The o t h e r  approach was t h e  use  o f  aqueous so lu -  
t i o n s  of a c i d s  f o r  s u l f u r  removal a s  H,S. Al though,  t h e  s u l f u r  was r e a d i l y  l i b e r a t e d ,  
t h e  a c i d i c  s o l u t i o n s  badly degrada ted  t h e  c a t a l y s t s ’  phys i ca l  s t r u c t u r e .  Some 
success  i n  s u l f u r  removal was r e a l i z e d  by employing d i l u t e  aqueous s o l u t i o n s  o f  
hydrogen pe rox ide  t o  l i b e r a t e  t h e  s u l f i d e  as SO,. 
t o  d a t e  i n  t h e s e  l a t t e r  two i n s t a n c e s .  

A l t e r n a t e  C a t a l y s t s .  -S ince  n i c k e l  methanation c a t a l y s t s  a r e  s u s c e p t i b l e  t o  
d e a c t i v a t i o n  i n  t h e  presence  o f  small concen t r a t ions  of  s u l f u r  gases  produced du r ing  
c o a l  g a s i f i c a t i o n ,  a l t e r n a t e  c a t a l y s t  p o s s i b i l i t i e s  have been cons ide red .  A l t e r n a t i v e s  
t h a t  have been sugges t ed  a r e  e i t h e r  a c t i v e  more s u l f u r  r e s i s t a n t  c a t a l y s t s  o r  a c t i v e  
s u l f i d e d  c a t a l y s t s .  

In  view o f  t h e  g e n e r a l l y  f avorab le  thermodynamics of metallic s u l f i d e  formation 
from m e t a l l i c  c a t a l y s t s  i t  would appear  t h a t  t h e  sea rch  fo r  a c t i v e  s u l f i d e d  forms o f  
c a t a l y s t s  would b e  t he  most p r o f i t a b l e .  Furthermore,  t h e r e  a r e  a number o f  d i f f e r e n t  
s u l f i d e d  c a t a l y s t s  t h a t  are c u r r e n t l y  used f o r  h y d r o t r e a t i n g  i n  the  hydrocarbon pro- 
c e s s i n g  i n d u s t r y  t h a t  show hydrogenera t ion  a c t i v i t y .  
s u l f i d e d  form o f  t h e  n i c k e l  methanation c a t a l y s t  used i n  the  s i n g l e - s t e p  convers ion  
p rocess  w a s  prepared  and t e s t e d  f o r  i t s  methanation a c t i v i t y  i o  t h e  1 /2”  a d i a b a t i c  
flow r e a c t o r .  A comparison between t h e  a c t i v i t y  o f  t h i s  s u l f i d e d  c a t a l y s t  (14.2”s) 
and i t s  nonsu l f ided  (0.06%) form a r e  p re sen ted  i n  F igure  4 .  I t  i s  appa ren t  t h a t  t h e  
s u l f i d e d  form o f  t h e  c a t a l y s t  shows cons ide rab le  methanation a c t i v i t y  a l though  i t  i s  
s t i l l  i n f e r i o r  t o  the  nonsu l f ided  c a t a l y s t .  The thermal convers ion  is an  o rde r  of 
magnitude l e s s  than  t h a t  f o r  t h e  s u l f i d e d  c a t a l y s t .  In  view o f  t h e s e  r e s u l t s  i t  would 
appear  t h a t  f u r t h e r  i n v e s t i g a t i o n s  of s u l f i d e d  c a t a l y s t s  f o r  h igh  tempera ture  meth- 
a n a t i o n  a r e  war ran ted .  In  t h i s  r e s p e c t  a number o f  s u l f i d e d  c a t a l y s t s  of va r ious  
t r a n s i t i o n  metals a r e  commercially a v a i l a b l e .  

i t s  u t i l i z a t i o n  would reduce  t h e  e x t e n t  of c a t a l y s t  s u l f i d a t i o n .  P r i o r  s u l f u r  removal 
schemes have r e c e n t l y  been r epor t ed  (12 ,13 ,14)  and t h i s  appea r s  t o  be an a r e a  i n  which 
cons ide rab le  f u t u r e  r e sea rch  w i l l  be d i r e c t e d .  Although t h e s e  p r i o r  s u l f u r  removal 
techniques  a r e  n o t  p a r t i c u l a r l y  economically a t t r a c t i v e  t h a t  does  n o t  p rec lude  s i g -  
n i f i c a n t  breakthroughs  i n  t h e  a r e a  w i t h  i n t e n s i f i e d  r e s e a r c h .  I n  r ega rd  t o  t h e  
s i n g l e - s t e p  convers ion ,  a p r i o r  s u l f u r  removal would conce ivably  be combined w i t h  one  
o r  more o f  t h e  preceding  

No a c t i v i t y  tes ts  have been made 

i f 
In  t h i s  regard  a comple te ly  

A P r i o r  S u l f u r  Removal.-The removal of a p o r t i o n  o f  t h e  c o a l ’ s  s u l f u r  p r i o r  t o  

remedies t o  h e l p  a l l e v i a t e  t h e  s u l f u r  po i son ing  problem. 

I 

CONCLUSIONS 

A q u a l i t a t i v e  d e s c r i p t i o n  of t h e  chemical p rocesses  involved  i n  t h e  s i n g l e - s t e p  
c a t a l y t i c  product ion  o f  h igh  Btu gas  from coal -s team r e a c t i o n s  has  been p resen ted .  
The r o l e  o f  t h e  c a t a l y s t s  i n  t h e  convers ion  and thermodynamic j u s t i f i c a t i o n s  were a lso’  
p resen ted .  Using t h i s  d i r e c t  approach fo r  t h e  product ion  o f  SNG from c o a l ,  s e v e r a l  
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77 ,/ process ing  s t e p s  could  p o t e n t i a l l y  be e l imina ted  and t h e  thermal  e f f i c i e n c y  o f  t h e  
o v e r a l l  convers ion  inc reased .  However, p rob lema t i c  areas concern ing  t h e  po i son ing  o f  
n i c k e l  c a t a l y s t s  used i n  t h e  s i n g l e - s t e p  convers ion  remain unanswered. 

Although s e v e r a l  approaches  t o  coping  wi th  c a t a l y s t  po i son ing  by s u l f u r  compounds 
i n  t h e  d i r e c t  convers ion  p rocess  have been p resen ted ,  no  c l e a r  c u t  s o l u t i o n  t o  d a t e  
is i n d i c a t e d .  I n s t e a d ,  a proper  combination o f  t h e  use  o f  s u l f u r  s cavenge r s ,  c a t a l y s t  
r egene ra t ion ,  more s u l f u r  r e s i s t a n t  c a t a l y s t s  and a p r i o r  s u l f u r  removal could  be the  
f i n a l  s o l u t i o n .  Although, t h e  exper imenta l  r e s u l t s  o f  u s ing  s u l f u r  s cavenge r s ,  
c a t a l y s t  r e g e n e r a t i o n  and s u l f i d e d  c a t a l y s t s  have been encouraging ,  n e i t h e r  of t hese  
methods have proven t o  d a t e  t o  be comple te ly  s a t i s f a c t o r y .  Neve r the l e s s ,  t h e  poten-  
t i a l  reward to  be de r ived  from the  d i r e c t  s i n g l e - s t e p  p roduc t ion  o f  SNG from c o a l  is  
o f  such  magnitude t h a t  cont inued  e f f o r t s  i n  t h i s  area are necessa ry .  
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